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ABSTRACT 

This handbook provides radiation design criteria for electronic parts 
applications in space environments. The data was compiled from the 
Mariner /Jupiter Saturn 1977 (MJS'77) electronic parts radiation test program. 
In this program selected radiation- sensitive device types were exposed to 
radiatijn environments compatible with the MJS'77 requirements under suit- 
able bias conditions. A total of 189 integrated circuits, transistors, and 
other semiconductor device types were tested up to 1. 5 X 10^ rads(Si) 
generated from steady electron beam and Co sources. 
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I. INTRODUCTION 


In situ measurements of the Jovian trapped radiation were made by 
Pioneer 10 in December 1973 and by Pioneer 1 1 in December 1974. These 
measurements revealed a potentially hazardous environment for MJS'77 
spacecraft electronics. During 1974 the MJS'77 project carried out an 
intensive study of the charged particles environment derived from those 
measurements and the effects of this environment on both spacecraft equip- 
ment and the Jupiter encounter aspects of the MJS mission. From this 
study the Marine r/Jupite r Saturn 1977 Radiation Control Requirements 
Document (PD 618-229, dated July 14, 1975) was developed. One of the 
requirements set forth is that the electronic piece parts used in the space- 
craft perform within acceptable limits during and after Jupiter encounter 
and at Saturn. Because of resource limitations, the investigations were 
conducted with maximum use of existing literature and test results, limiting 
the JPL radiation test effort to known or suspected problem devices where 
adequate test data was not available. 

This handbook is a summary of applicable data lesulting from the 
MJS'77 radiation test effort. The information, presented according to device 
type (see Index, page ), is intended to be useful to the engineer for circuit 
design. A complete detailed history file of the test results has been main- 
tained and if available (contact: A. Stanley in the Parts Radiation Group of 
JPL Section 365). 

In applying the data contained in the handbook, the user should be 
aware of inherent limitations; i. e. , the data is intended as a guide and is 
valid only for the specific manufacturer's device at the stated conditions. 
When applying the data to circuit designs, the user is cautioned regarding 
extrapolation to lower fluences, different energies and different bias con- 
ditions. Device degradation is sensitive to measurement and bias conditions 
during irradiation. Also, different date codes may reflect process changes 
which could change the device sensitivity to radiation damage. 
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The radiation environments were in accordance with PD 618-229, 
using electrons from a Dynamitron at energies from 2 to 2 . 5 MeV, electrons 
from a Van de Graff generator at 3 and 5. 5 MeV, and a cobalt 60 gamma 
source. The Dynamitron was used in those tests wherein the radiation 
source is not identified. 

The major device types and features of the method used in presenting 
test results are giv^en herein. Whenev'er deviations from this form occur 
because of the nature of the data or results obtained, they are further 
described for the specific device or parameters involved. 

Data from different test runs of a given devTce parameter was com- 
bined where the tests and measurements were carried out under similar 
conditions. The data for the following test runs was combined for a given 
device type; 

(1) Same bias conditions during irradiation. 

(2) Same bias conditions during measurement of parameters. 

(3) Same fluence. 

(4) Characterization, non-lot screen and lot screen runs. 

(5) 2 to 2 . 5 Me\' electron energy data (If other energies were used 
it will be so stated). 

(6) 3 — T- (saturated) for transistors. 

CE 

(7) V (not saturated) for transistors. 

hi 

(8) Same manufacturer. 

(9) Hardened devices. 

(10) Unhardened devices . 

A sample sheet is given in Fig. I, with the major features indicated. 

.<\n explanation of those features is given below. 

(1) An outlier is here defined as a data point which does not fall 
within 3 a of the mean value of that parameter at the lowest 
value of the independent variable (i.e., lowest value of the 
collector current or fluence, where the parameter is 
measured as a function of 1^ or fluence, respectively). 


2 


JPL Technical Memorandum 33-763 




Fig. 1. Sample sheet 
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Once established as an outlier in this way, it is considered an 
outlier for all other values of the independent variable. 

(2) The data is calculated both with and without outliers whenever 
they exist. 

(3) The standard deviation (r is approximated by the following 
expression: 



where n is the number of data points, x is the mean value of the 
set of data points, and x^ is a measured value of the parameter. 
This gives an unbiased approximation of c, including cases where 
the sample size (n) is small. ^ 

(41 The parts radiation characterization number evaluates the parts 
in accordance with criteria from Section VIII of PD 618-229. 
These criteria are repeated here. 

Insensitive to radiation; no special attention required. 

Insensitive to radiation except for high-precision 
applications. The application and degree of sensitivity 
are specified. 

Sensitive to radiation, resulting in significant degradation 
of device parameters. A radiation screening or shielding 
program is required if a reasonable design safety margin 
is lacking. 

The device undergoes catastrophic change and is no longer 
functional. 




> 
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See Ref. 


1 . 


i, 


4 


JPL Technical Memorandum 33-763 



1 


t 


1 


For transistors, in addition to the tabulated information, graphs are 

included giving A(l/h„ ) as a function of collector current. In these graphs, 

r ru 

only those calculated excluding the outliers are plotted. The outliers are 
indicated on the graphs (wherever dual populations occur, both are plotted). 

II. USE OF THE RADIATION HANDBOOK IN CIRCUIT DESIGN 

i 

The data contained in the Radiation Handbook should be used when 
performing worst case analysis of electronic circuitry. If parts data does 
not appear in this handbook, then estimates must be made by Section 365. 

The data shows permanent damage to semiconductors in a radiation environ- 
ment. The rate of impinging radiation or radiation flux should also be 
considered as this can cause a noise effect produced by the impinging 
particles on semiconductor devices. In addition, it should also be pointed 
out that low-energy electrons may be deposited and collected by electronic 
circuitry which can cause a buildup of voltages across high resistance circuits. 

The worst case analysis is performed by degrading first for temper- 
ature and life (aging) and then for radiation to obtain the final degraded 
value. The following sections describe the method of calculating 
degradation. 

A . BIPOLAR TRANSIS TORS 

The current gain of a transistor is determined as described in the 
following diagram: 


i 

] 
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Suosystem 

requirement 

♦ 

Minimum gain 
^ at 25 °C, at I- 

1 

h__ example 
^ ^ 50 

1 

Circuit 

requirement 

f 

Derate for temperature 

T 

38 

1 

Ve’ ^C 

0. 9% per ‘C 

jf 

Life derating 25% 

1 

28. 5 

♦ 

Minimum 

Radiation derating 

^ ^^FE 

*^FE 

1 

requirement 

i 

Predicted gain 

i 

15 


=0. 03 


Compare requirements with predictions and if there are problems, identify 
and study solutions. 


The radiation derating is determined by the radiation damage 
coefficient A(l/h„„), which is a result of parts testing. The equation for 

X* II. 

h„„ degradation is 
r h- 


. 1 _ 1 1 
A - " - -r- 

•‘^FE ^FE(final) “FE(initial) 


whe re 


( 1 ) 

( 2 ) 


h^.^,,. is the predicted gain to be applied to the circuit. 
FE(final) 

h.-,.-,. is the gain after degrading for temperature and 

life as per the MJS' 77 Radiation Controls Requirements. 
Document 618-Z29, Appendix D (set forth herein as Appendix B). 


(3) A (l/h_„)is the radiation degradation constant which is found in 

r hi 

the handbook for each part and is a function of collector current 
I radiation fluence, and bias conditions during irradiation. 
For instance, a 2N2222A device may have the following con- 
ditions for which the h„„,-. must be calculated at 

FE(final) 

1^ = 60 H- a = 8 V): 
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^FE(initial) ~ after degrading for temperature 

and life 


= 0.425; mean plus 3cr at radiation electron 

fluence of 5 X 10^^ e/cm^ 


^VE(final) VE(initial) 


1 _ , 1 , 1 
_ + 

FE(final) FE FF(initial) 


‘FE(final) ~ ^ 1 ^ 1 

^FE ^FE(initial) 


FE(final) 


0.425 + 


0.425 + 0.01 


^ 0.435 


^F E(f inal) 


0.435 


= 2,3 which is severe degradalioa in tin 

worst case 
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Under the conditions of I = 20 mA, V__ = 20 V, 

C 7 

IS = 100 =ind at a fluence of 5 X 10^^ e/cm 
FE(initial) 


FE 


= 0.00441, 


using the mean + 3(r value, then will be 


^FE(final) 


(0.00441) 


I 

1 

''FE(initial) 


1 1 

0.00441 + 0.01 = 0.01441 


= 69.4 

This demonstrates that radiation has a much greater influence on 
transistor performance at very low therefore, low applications 
should be avoided in radiation environments. In power devices this might be 
interpreted to mean that no problems exist, but it is really the emitter 
current density that determines the radiation damage. Therefore, power 
devices will also degrade severely if the emitter current density is low. 

The above calculation can be made using Table 1 by going to 
A(l/hpj,) = 0. 00441 and hj,j, = 100 and interpolating to find 

,, = 69. In all cases, the h_„ of outliers or mavericks must 
FE(final) r h- 

either be considered or screened out of lots to be used in hardware 
expected to encounter radiation environment. 
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Table 1. Determination of final beta, given initial beta and damage factor 

(based on Al/p = l/P - l/Po) 
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,080 S.S8 6.12 6.82 7.69 8.33 8.83 9.21 9.62 O.sJlO.O 10.2 10.3 10.5 10.6 10.7 10.8 10.9 11.0 11.1 11.1 11.2 11 J 11.4 ll.S 11.5 ll.C 11.8 11.9 12.0 12.1 12.1 

090 5.26 5.77 6.38 7.14 7.69 8.13 8.42 8.7C B.ojo.OO 9.25 9.38 9.49 9.59 9.88 9.76 9.68 9.89 9.95 10.0 10.1 10.2 10.2 10.3 10.3 10.4 10.5 10.6 10.7 10.8 10.8 

100 5.00 5.45 6.00 6.87 7.14 7.52 7.81 8.00 8 . 2 8.33 8.48 8.57 8.87 8.75 8.83 8.89 8.95 9.00 9.05 9.09 9.17 9.23 9.39 0.34 9.38 9.44 9.52 9.62 9.68 9.72 9.76 



The above discussion applies to transistor hp^, when the transistor 
is not saturated and when it is saturated. The saturated h_„, however, 

ill 

will be much lower because the 1^ must be greater to lower the 

saturation If, in switching applications, the must be very 

small, then the designer must expect very low resultant h,^„ due to low 

2 ^ 

initial hpp and allowances for mavericks. With regard to 

IcBO’ ^BE’ ^BE(sat)’ temperature and life and then add 

additional degradation due to radiation in accordance with this handbook for 
the part in question, being careful to select the appropriate bias conditions, 
measurement conditions and radiation fluence. In all cases, the X + 3(r 
values should be used in the addition. Designers should allow for I_„/^ 
high as 100 jia, AV as high as O.Z V and AV_^, . as high as 0.2 V. 


B. 


JFET's 


The radiation-sensitive parameters of JFET devices are the leakage 
current iQgg noise characteristics. In applying this handbook, the 
radiation degradation in ^Qgg should be added to the effects of temperature. 
The noise in the device increases considerably while it is irradiated but 
will probably return to close to original noise characteristic when radiation 
ceases (i. e. , radiation flux effect). If temperature-degraded I^gg was 
calculated to be 0. 5 nA at = 4 V, V^g = O^, radiation fluence 
= 5 X 10^^ e/crr? , and a handbook value of 0. 1 nA, then the total would 
be 0 . 6 nA . 

In N-channel JFET's there is a channeling effect which can cause very 
large leakage currents. With no radiation screening controls, this 
current (^Qgg) could be as high as 100 nA. 


C. DIODES, RECTIFIERS, AND ZENER DIODES 

In most applications, diodes and rectifiers do not degrade sufficiently 
to provide much concern. However, in applications where the circuit is 
particularly sensitive to forward or reverse characteristics due to circuit 
efficiency, extra care must be taken in the selection of devices with 


Devices that are significantly more sensitive to radiation than the others. 
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minimum degradation. In these sensitive oases, the degradation is added 

to the parameter degradation with temperatvre. The parameters in question 

are V_ and I„ . A usually changes bv les. chan 50 mV in the MJS Jupiter 

environment. I_ changes by leas than 10 pA. In the case of sensitive or 
R 

precision applications of Zener diodes, V does vary with radiation and must 

z 

be accounfpd for by adding AV due to radiation. AV is less than 5 mV in 

z z 

Zeners less than 15 volts; it is less than 20 mV in Zeners less than 30 volts. 


D. 


LINEAR IC 


The primary parameters of interest are I^g, VOL' 

these are highly influenced by a radiation environment. The degradation 
values listed in this handbook are changes or delta values due to radiation 
effects. These changes should be added to the othc, changes due to 
temperature effects. As a summary of these degradations, refer to 
Appendix C. 


E. CMOS 

The predominant parameters of interest in radiation are: 

(1) Propagation delay, which increases with radiation. 

(2) Device power consumption, which increases with radiation. 

(3) OFF leakages in multiplexers, which increase with radiation. 

(4) r , ON resistance, which increases with radiation. 

ds 

(5) Noise margin, which increases with radiation. 

The effects of radiation are added after the effects of temperature and life 
are determined. 

Jo improve the response of CMOS to radiation, better process 
controls must be instituted unless the degradation can be tolerated in the 
design. Radiation data should be taken on samples of all wafers of parts 
to be used in radiation environment. Refer to the data in this handbook on 
parts that have been tested. 


! \ 
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m. IRRADIATE -ANNEAL (IRAN) SCREENING 


An extensive investigation of irradiation-anneal (IRAN) screening 
against total dose radiation effects was carried out as part of a program to 
harden the Mariner Jupiter/Saturn spacecraft against the Jupiter radiation 
belts. The method consists of irradiating semiconductor devices with 
cobalt-60 to a suitable total dose under representative bias conditions and 
separating the undesired tail of the distribution from the bulk of the parts by 
means of a predetermined acceptance limit. The acceptable devices are then 
restored to their preirradiation condition by annealing thcin at an elevated 
temperature. 

Ir radiate-anneal is the only known 100% radiation screen . i < t 
mavericks. In general, this should be supplemented by a qualification test 
based on a diffusion-metallization lot, in which a few samples are irradiated 
to a total dose in excess of the project requirements. Failure to pass this 
test implies lot jeopardy and an extension of the delivery period by many 
months . 

Since the lot screening method imposed intolerable time constraints, 
it was hoped that the ir radiate-anneal technique might be employed to 
predict the radiation behavior of each device in a quantitative manner so 
that even lots of marginal radiation quality might be utilized at a somewhat 
lower yield. This requirement imposes far more severe constraints on the 
retracking of electrical parameters after the first and second irradiation 
than the elimination of mavericks. 

A. DEVICE TYPES 

IRAN was considered for device types that were determined to be more 
radiation- sensitive than allowable by the circuit and shielding analyses. 
However, such screening methods work only when the devices show a 
significantly varied response to a radiation exposure. The devices consist 
of linear bipolar devices, analog switches, n -channel JFETs, and bipolar 
transistors. The primary cause of radiation damage induced in these 
devices by ionizing radiation is the formation of inversion layers due to the 
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accumulation of positive charges in the silicon oxide insulator near the 
silicon- silicon oxide interface. This depends on the quality of the oxide, 
which is to a large extent an uncontrolled process variable. 

Devices that are gcnerically extremely sensitive to ionizing radiation 
(e.g, , MOS devices) are poor candidates for the IRAN technique and must 
be shielded. An additional reason for excluding I\40S devices is the dil.^iculfy 
of annealing out the radiation-induced interface states except at much higher 
temperatures. The important LM108 operational amplifier was excluded, 
because it had been possible to harden this device against ionizing radiation. 

All n-channel JFETs with a lightly doped base region are likely to 
develop sizabl.. gate leakage currents and were therefore considered to be 
Candida', s for IRAN. It was considered prefexable to redesign circuits, so 
that bipolar transistors could operate with minimum dc current gain rather 
than resort to IRAN. 

B. PROGRAM CONSTRAINTS 

The original requirement imposed on the devices was to survive a 
total dose of 125 krad (Si). This was later decreased to 60 krad (Si) as the 
result of a more precise definition of the Jovian radiation belt. For 
reliability reasons, a ceiling of 150°C was imposed on the annealing tem- 
perature of the devices. It was later discovered that this temperature is 
inadequate for complete annealing of all surface effects. Burn-in tem- 
peratures up to 300°C have been successfully employed in many high 
reliability programs, but this requires device construction analysis and 
thermal stress analyris for each device type before procurement. Such an 
investigation was ruled out because of timing constraints. The devices are 
annealed in an inert atmosphere for 96 hours. Experiments showed that 
longer annealing times did not cause any additional annealing. 

High-temperature annealing was considered to be unnecessary for 
the JFETs. In these devices only the leakage currents are affected by the 
ionizing radiation. These are .asily controlled and not significant in those 
devices that pass the IRAN acceptance criteria. 


JPL Technical Memorandum 33-763 


13 


) 


C. EXPERIMENTAL INVESTIGATION 

A series of investigations was carried out in order to obtain the 
following information: 

(1) What is the optimum dose for screening? Too low a dose may 
not reproduce the surface effects that cause degradation at 
higher doses; whereas too high a dose degrades the devices 
unnecessarily. The onset of surface effects caused by inversion 
layers depends on the impurity concentration in the silicon as 
well as the composition of the oxide at the silicon interface 

and can therefore not be uniquely determined. 

(2) What acceptanc.; criteria can be applied? Unless there is com- 
plete retracking of all devices on reirradiation, the acceptance 
criteria must be considerably more tightly specified than the 
worst case conditions required by the application. On the other 
hand, tight specifications may cause severe yield penalties. 

(3) What is the annealing behavior? Do all the parameters anneal 
completely or is there some residual radiation damage? Are 
there i 'dications of anomalous annealing? 

(4) Do the parameters retract on reirradiation or do they exhibit 
memory effects? Do any of the devices show anomalous 
properties that could not have been predicted from the results 
of the first irradiation? 

A series of experiments was conducted on each device type under 
consideration for IRAN. Non-flight parts had previously been exposed to 
2. 5 MeV electrons up to 10^^ e/cm . These devices were annealed for 
96 hours at 150°C approxirr.at :ly two to three months after the initial 
exposures. Most parameters annealed back to acceptable specification 
levels, but others did not return to their preirradiation values. Since high- 
energy electrons can induce a significant amount of displacement damage, 
it was decided to carry out additional experiments using a cobalt-60 source. 
The devices were irradiated to a total dose of either 50 or 125 krad(Si), 
annealed at 150’C for 96 hours a- subsequently reirradiated with 2. 5-MeV 
electrons, making measurement.5 at four radiation leveis from b X 10^^ to 
5 X 10^^ e/cm^ . 


i 


\ 

f 
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D. IRAN TEST DEVICES 

Only the flight device types listed in Table 2 were subjected to IRAN; 
the other device types tested were unsuitable for IRAN. The degradation that 
these devices will experience on reirradiation in the Jupiter environment is 
indicated as a function of fluence in separate tables following the normal 
radiation properties. After annealing, the dc parameters of all devices were 
remeasured to the original specification limits with the following exceptions: 

NSC LMlOl, I„ increased from 75 to 100 nA 
15 

NSC LMlll, I„ increased from 100 to 400 nA 
15 

Iqj, increased from 10 to 2 5 nA 


Table 2. Device type subject to IRAN 

Device 

type 

IRAN 

total 

dose, 

krad 

(Si) 

Acceptance criteria 

Annealing 

2N4856 

60 

^GSS ^GS ^ 

-20V < 500pA 

None 

2N5196 

60 

T af V 

GSS ^ GS “ 

-lOV < lOOpA 

None 

2N5520 

60 

^GSS ^GS ^ 

-lOV < lOOpA 

None 

2N5556 

60 

^GSS '^GS " 

- 1 5V < 2 50pA 

None 

DG129 

50 

Ig (off) < 3nA 


96 hr at 150“C 

DG133 

50 

Ig (off) < 3nA 


96 hr at 150°C 

DG141 

50 

Ig (off) < 5nA 


96 hr a»- 150»C 

LMlOl 

125 

AVqs < 0' AlQg<2.5nA, 

96 hr at 150“C 



Alg < 60nA 



LMlll 

50 

I^g < 20nA, V 

OS ^ 

96 hr at 150°C 

SDT5553 

5 

^FE ^C = 

1 5mA > 8 

96 hr at 150“C 
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2N2222, Texas Instruments 


Texas Instruments initiated a process change in 1972 affecting the 
oxide passivation layer. As a result, the data for both the tables and graphs 
will be grouped as follows: 


Parameter 


A(l/hj,j.) 


*CBO *EBO 


Group 

1 

2 

3 

1 

2 


Date code range 

1971 - 1972 

1973 

1974 - 1975 

1972 

1973 - 1975 


The performance of this type of device at a = 0. 12 volts is 

very unpredictable. The test results are questionable because the test 
instrumentation did not use separate voltage and current probes. Any small 
change in will cause a very large change in the gain at this operating 
point. Consequently, separate graphs were used for V__ = 0. 1 and 0. 12 V 
if there was more than one value of at a given current level in order 
to prevent overlap of the data due to large error bars. 
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2N2484, Texas Instruments 
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C. INTEGRATED CIRCUITS 
AP550, Analog Devices 


The data presented are device linearity deltas: i.e., the effects of 
LSB current changes are subtracted out of the data. For total error for any 
given bit, the A I must be multiplied by the bit vi sighting and added to the 
value shown in the data. Parameter was not stable due to servo loop 

biasing and collector-base leakage current problems. Parameters 
and A(1/B) are for the DUT reference transistor. 
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lCLi80l8, Intersil 

The data presented are device linearity deltas; i. e. , the effects of 
LSD current changes are subtracted out of the data. For total error for any 
given bit, the must be multiplied by the bit weighting and added to the 

value shown in the data. Parameter was not stable due to servo loop 

biasing and collector-base leakage current problems. Parameters 
and A. I /B) are ic c the DUT reference transistor. 
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LM lilt National Semiconductor, IRAN reirradiation 
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LM139. National. Signetics. and Texas Instruments 

The data presented herein represents eight radiation tests for various 
venders and date codes using different bias and measurement conditions. In 
all Cf ses, two sections (of the four>section device type) were tested. Device 
fai. i.re is defined as saturation of the null amplifier during dc measurements; 
i.e. , the device output is latched to the positive supply voltage. Table 3 is 
H summary of the number of failures versus fluence for the various experi- 
mental conditions and device lots. 

National Semiconductor made various attempts to harden the LM139 
with )nly partial success. Several radiation tests were performed on these 
experimental devices, but only one lot (E2035, tested 11-25-75) was avail- 
able for flight use and consequently included herein. 
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No eupphr volUfe Applied during irradiAeion. 


Conclusions reached were as follows: 

(1) The LM139 type device is very sensitive to radiation damage. 

/S' 

(2) The devices biased "off" during radiation are more sensitive to 
degradation than devices biased "on" during irradiation. 

(3) Device degradation may vary significantly between different date 
codes. 

(4) The degradation for the devices pulsed at 50% duty cycle is 
comparable to the devices biased "on" during radiation. 

(5) The degradation for the devices pulsed at 56(Ji sec every 3 sec 
is comparable to the devices biased "off" during irradiation. 

(6) The parameter degrsiiation of the devices irradiated passively 
was slightly worse l^an the devices biased "on" during irradiation. 

(7) The hardened National Semiconductor devices, using the same 

12 2 

bias conditions, did not fail until 5X 10^^ e/cm , whereas the 
standard devices failed at 2. 5 X 10^^ e/cm^. The hardened 
devices showed significantly greater degradation in sink current 
than the unhardened devices. 

(8) The low failure rate for the 12/20/74 test was due to use of 
a supply voltage of 5 instead of 15 volts. 
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D. 


ZENER DIODES 


The radiation analysis carried out by General Electric largely from 

neutron data indicated potential shifts in Zener voltage sufficient to cause 

problems in some applications. Electron irradiation at 2.2 MeV caused 

13 2 

relatively minor shifts in the Zener voltage at fluences up to 1 X 10 e/cm . 
Additional measurements were therefore carried out with 3 and 5.5 MeV 
electrons using the high voltage VandeGraaff at Notre Dame University. 

The Zener voltage was determined both before and after radiation at a 
fixed current level by means of in situ measurements. This made it possible 
to determine the radiation- induced change in the Zener voltage to an 
accuracy of :fcl mV by relatively simple means. The experiment lasted less 
than one half hour and the radiation -induced thermal heating is not signifi- 
cant, so that thermal changes during the time of the experiment may be 
ignored. The absolute value of the Zener voltage, which is a strong function 
of the Zener current, has been determined to an accuracy of about ±10 mV. 

The results of the measurements are summarized in Table 4. It may 
be noted that the majority of the devices tested do not change by more than 
the experimental error at a fluence of 5 X 10^^ e/cm^ for all energies up to 
5.5 MeV. Three device types showed a significant linear change in Zener 
voltage with electron energy, as shown in Fig. 2. One of the device types 
indicated a positive voltage shift, whereas the other two indicated a negative 
voltage shift. These changes are attributed to bulk radiation damage. 

Some devices of the 1N829 showed changes as great as 12 mV, whereas 
the remainder stayed within ±1 mV. The anomalously large changes were not 
energy-dependent, and are therefore considered to be due to a surface 
ionization effect. 

Very few of the Unitrode U28770 and U28775 high voltage Zener diodes 

were available for testing, and these showed shifts from -14 to -120 mV. 

The 14-mV value is within experimental error. In cases where very few 

devices were available, devices were first irradiated to a fluence of 
13 

1 X 10 e/cm at 2.2 MeV and then reirradiated at a later data with 3. 0 
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Table 4. Electron radiation effects in Zener and reference diodes 


Device type 

Manu- 

facturer 

Vz. 

V 

iz. 

mA 

Max. AV 2 
at 5 X 10l2 
e/cmZ, 
mV 

Electron 
energy range, 
MeV 

JieviCes with Zener voltage change within measurement accuracy of ±1 mV 

1N945 TC Zener 

MOT 

11.7 

7. 5 

-1 

2.2 - 5.5 

1N4569 TC ref. diode 

DIK 

6.4 

0. 5 

-2 

2.2, 5.5 

1N4572 TC ref. diode 

DIK 

6.4 

1.0 

-1.9 

2.2 - 5.5 

1N4577 TC ref. diode 

MOT 

6.4 

2.0 

0 

2.2 

1N4895A TC Zener 
(ultrastable) 

DIK 

6.35 

7.5 

-1 

2.2, 5.5 

MZ827 TC Zener 

MOT 

6.2 

7. 5 

-1 

2.2 - 5. 5 

.4M4.7AZ1 non-comp. 
Zener 

MOT 

4.7 

5 

+2 

2.2 - 5. 5 

.4M5.1AZ1 non-comp. 
Zener 

MOT 

5. 1 

5 

±1 

2.2 - 5.5 

Devices with Zener voltage change within measurement accuracy of ±1 mV, 
but with mavericks showing greater energy -independent change 

1N829 TC Zener 

MOT 

6.2 

5. 5 

-2 

-12® 

2.2 - 5. 5 

Devices with linear Zener voltage change with energy 

1N93 5 TC ref. diode 

MOT 

9.0 

l.O, 

-ve 

2.2 - 5. 5 




7. 5 

(see Fig. 2) 


1N4907 TC ref. diode 

MOT 

12.8 

2 

-ve 

2.2 - 5. 5 





(see Fig. 2) 


FCT1121 TC ref. diode 

FAS 

6.8 

0. 1 

+ve 

2.2 - 5. 5 





(see Fig. 2) 


^Maverick. 
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Table 4 (contd) 


Device type 

Manu- 

facturer 

V’ 

^Z> 

mA 

Max. AV 2 
at 5 X 10^2 

e/cm^, 

mV 

Electron 
energy range, 
MeV 

Devices with significant Zener voltage 

change 

measured only at 2.2 MeV 

1N4581 TC ref. diode 

DIK 

6.6 

4.0 

-4 

2.2 

1N4891 TC ref. diode 

DIK 

6.4 

2.0^ 

-12 

2.2 

(ultrastable) 



7. 5 

-8 


High surge non-compensated Zeners 


UZ8770 

UTR 

70 

0.05 

+ i 4 s 

2.2 

UZ8775 

UTIf 

75 

0. 1 

+ 220 

2.2 - 5. 5 


or 5.5 MeV electrons. No conclusions could be drawn from the data obtained 
from the second irradiation, primarily because most of the Zener voltage 
shifts were within experimental error. 

An attempt was made to measure changes in the temperature coefficient 
of the temperature-compensated (TC) Zener diodes produced by a fluence of 
1 X 1 0^^ e/cm^ at energies of 2 . 2, 3. 0 and 5. 5 MeV. These measurements 
could not be carried out in situ and were therefore subject to many system- 
atic errors. The main conclusion is that the pre-irradiation temperature 
coefficient of different devices of one type varies within one order of magni- 
tude, whereas the radiation -induced changes are less than 50% of the initial 
value. The temperature coefficient from -50 to +25'C decreases with 
radiation, whereas the temperature coefficient from 25'C to 75“C increases 
with radiation. No correlation with electron energy could be detected. 
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Fig, 2. Zener voltage change with energy 
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I. OPTICAL DEVICES 

The Texas Instruments Types TIL23 and TIL24 light sources and types 
TIL601 and LS600 light detectors were evaluated in the JPL Dynamitron 
using a 2. 5-MeV electron beam. Two of the tests used a 0.32-cm (l/8-in. ) 
spacing between the source and detector in order to evaluate the spacecraft 
usage conditions. Three tests used a spacing of 20 cm (8 in. ) in order to 
allow shielding and consequently evaluation of the source or detector separ- 
ately. Ir addition, various angles were used during irradiation in order to 
reduce the amount of shielding caused by the lens material. All of the 
sic vices were measured in situ, within a period of 5 minutes, with the beam 
off. 

1 . Tests Using 0. 32-cm (l/8-in. ) Space 

Test results using a 0.32-cm (l/8-in. ) space between the light source 
and detector with both device types irradiated at the same time unshielded 
were as follows; 

Test No. I . Four TIL23 light sources and four LS600 light detectors 
were tested on April 15-29, 1975. The test circui* is shown below: 


;«oo u. 1 % 


TIL23 

SOURCE 


LS600 DETECTOR 


MEASUREMENT 


2kn. 1% 


Due to the close spacing between the TIL23 source and LS600 detector and 
the presence of the glass window, there is an undetermined amount of 
shielding of the device from the electron beam. Consequently, exposures at 
a number of incidence angles for the electron beam were used (i.e. , 45, 90, 
and 135°), as shown below, during the test. 


0«32 cm (1/8 in«)_ 




/ <5° BEAM 


90° BEAM 
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*Data invalid: the de\ ice accidentally pulled out of position during irradiation. 


Test No. 2 . Four LS600 light detectors and four TIL24 light sources 
were exposed on January 22, 1975, to the electron beam at a 60“ angle 
(see Fig. 3), The fluence was 5 x 10^^ and 1 x 10^^ e/cm^ with a flux rate 
of 2. 5 X 10° e/cm^/s. There was no significant change in the output level 
as measured at point for any of the devices tested. Although the test 
devices were undoubtedly severely degraded (as indicated from previous test 
experience), there was still sufficient pulsed output after radiation exposure 
to trigger the 2N2222A transistor "on, " therefore maintaining a constant 
output at point (§) . The test circuit is shown below: 



2 . 


Tests Using 20-cm (8-in.) Space 

Test results using 20 cm (8 inch) of spacing between the light source and 
detector with one of the device types shielded during irradiation were as 
follows : 


Test No. 1. Four TIL23 light sources were exposed to the electron 
beam at an angle of 45 deg as shown in Fig. 4 with the detector shielded. The 


test circuit is shown below: 


I >»12 V 

1 600 a, 1 % 


TI123 5 



Device 

S/N 

TIL23 output voltage measured at point mV 

z ? 

( 4> = fluence, e/cni: 4*= flux, e/cm^/s) 

A,% 

<t> = 0 

4>= 0 

12 

4 = 5 X 10^ 

«j) = 3.6 X 10^ 

A,% 

$ = 1 X 10^^ 
4>= 3.6 X 10^9 

5 

0.240 

0.014 

-94.2 

0.004 

-98.3 

6 

6.360 

0.022 

-94. 0 

0.006 

-98.3 

7 

0.140 

0.014 

-90. 0 

0.005 

-96.4 

8 

1.900 

0. 116 

-94.0 

0. 038 

-98.0 


Test No, 2, Four TIL601 light detectors were exposed on January 22, 
1975, to the electron beam at a 45-deg angle as shown in Fig. 4 with the 
light .source shielded. The te^t circuit is shown below: 


*12V 
600 fl, 1% 



SHIELDED 

LIGHT 

SOURCE 


± 


>*I2 V 


TIL60I 


MEASUREMENT POINT 
: 2kfi, 1% 
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Device 

S/N 


TIL601 current measured at point nA 
( $ = fluence, e/cm^; <}> = flux, e/cm^/s) 



$ = 0 
<|> = 0 


250.0 
96.0 

160.0 
112.0 


$ = 5 X 10^2 
4>= 3.6 X 109 

A.% 

$ = 1 X 10 
4> = 3.6 X 

129.0 

-48.4 

38.0 

19.2 

-80.0 

8.0 

65.0 

-59.4 

19.0 

78.0 

-30.4 

53.0 


Test No. 3. Four TIL24 light sources were exposed to the electron 
beam at an angle of 45 deg as shown in Fig. 4 with the detector shielded. 
The test circuit is shown below; 


: 600 tt, 1% 


-SHIELDED PHOTO 
TRANSISTOR 



Device 

S/N 


MEASUREMENT 
if POINT 

>2ltfl, 1% 


TIL24 voltage measurement at point© mV 
( 4>= fluence, e/cm^; «l> = flux, e/crn^/s) 


$ = 0 4> = 5 X I0l2 

4) = 0 4)= 3.6 X 109 



0.318 

0.218 

0.384 

3.000 



0.047 

0.010 

0.030 

0.208 


-85.2 
-95.4 
- 92.2 
-93. 1 


$ = 1 X 10‘^ 

«)> = 3.6 X 109 


0.015 
0. 003 
0. 009 
0. 016 
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3. 


Conclusions 


(1) These types of optical devices are very sensitive to radiation- 
induced damage. 

(2) The light sources are more sensitive to radiation damage than the 
detectors. 

(3) There is increased light scatter due to the degraded source lens. 

(4) There is m.ore apparent degradation with 20-cm (8-in. ) spacing 
between the source and detector than with 0, 32-cm (l/8-in.) 
spacing because the light from the source decreases as the 
square of the distance from the detector, and any increase in 
light scatter will exhibit more effect as the distance is increased. 

4. Test Conditions 

The device shown in Fig. 3 was irradiated with the axis of the electron 
beam at 60 deg to the axis of the device as shown in the diagram in order to 
avoid the glass lid. 



Fig. 3. Flux angle, electron beam at 60 deg 

No other components of the experiment were changed. A cosine varia- 
tion in fluence with incident angle was used. The Faraday cup readings of 
fluence were thus twice the fluence required (i.e. , 10^^ and 2 X 10^^ e/cm^). 
The effective vaiue of the fluence on the device was obtained as of these 
values (i.e., 5 X 10 and lu‘ e/cm ). This was done by using a time 
exposure twice as long rather than doubling the flux rate. Thus the effective 
flux rate at the device was one-half that in the test requirements. 


4 

f 
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The device shown in Fig. 4 was irradiated with the axis of the electron 
beam at 45 deg to the axis of the device as shown in the diagram in order to 
avoid the glass lid. 



Fig. 4. Flux angle, electron beam at 45 deg 

A cosine variation in fluence with incident angle was used. The Faraday 
cup readings of fluence were thus 1.4 times the fluence required (i.e. , 

0.707 X 10^^ and 1.41 X 10^^ e/cm^). The effective value of the fluence on 
the device was obtained as 0.70" of these values (i.e., 5 X 10^^ and 10^^ 
e/cm^). This was done by using a time exposure 1.4 times as long rather 
than increasing the flux rate. Thus the effective flux rate at the device is 
0.707 times that in the test requirements. 
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J. 


CMOS 


Large quantities of CMOS devices comprising 28 different logic func- 
tions are used in the spacecraft. Devices fabricated by the standard 
commercial process could not withstand a dose of 150 krad(Si) under normal 
bias conditions due to shift of the n-channel gate turn-on voltage toward O V 
accompanied by a large increase in the supply current. By reducing the gate 
oxide annealing temperature (Ref. 2) it was found possible to fabricate 
devices that were still functional after irradiation to 150 krad(Si) though 
somewhat degraded in the device characteristics. A program was developed 
to monitor the radiation properties of the production line that included wafer 
lot sampling of changes in the quiescent supply current, test pattern sampling, 
and final device parameter characterization. All irradiations were carried 
out under representative usage bias conditions using a cobalt-60 source. 

The four basic CMOS failure modes in an ionizing rc.'diatior environ- 
ment have been identified by Burghard and Gwyn (Refs. 3 and 4) with their 
associated causes as follows: 


(1) 

Failure to switch 

l''Tn| 1 

|^TP| ^ 

(2) 

Excessive leakage - 

^Tnl 1 


(3) 

Speed rf ’ iction 

|''tp 1 t 


(4) 

Noise immunity 

|''tn| 1 

1^TP| 

The 

arrows indicate a decrea 

se or increase 

in|V^. 


1 . Gate Turn-on Voltage 

Three to five test pattern dice were selected at random from each 

metallization lot. The test pattern dice contain individual N- and P-channel 

transistors and MOS capacitors. Measurement of I„ versus of 

5 

two transistors was made before and afte a dose of 1. 15 X 10 rad(Si). A 
typical set of curves is shown in Fig. 5. The results for the N-channel 
transistor are particularly striking. The true gate turn-on voltage 
at low currents is less than 1 V before irradiation and shifts to -0.6 V at 
150 krad. At higher current levels stays well above zero, as shown 

in Fig. 6, and does not shift significantly after irradiation (see Fig. 7). 
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0 O.J 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

?REKADIATION, • 


Fig. 6. Threshold voltage of N-channel transistor on 
test pattern TA 6372, 950® C gate oxide annea’ 
in forming gas, preradiation 



0 0.2 0.4 0.6 0 8 1.0 1.2 1.4 1.6 I 8 2.0 2.2 2 4 /.6 2.8 3.0 

POSIRADIATION, I l;. ■ lo'' .od. ■ 


Fig, 7. Threshold voltage of N-channel transistor on 
test pattern TA 6372, 950® C gate oxide anneal 
in forming gas, postradiation 
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1 






On the other hand, V,^p at 10 |jiA shows a bimodal distribution after irradia 
tion, which may explain the lack of control of the propagation time (see 
Figs. 8 and 9). The distribution in the relative shift in the gate turn-on 
voltages is shown in Fig. 10. 


The gate turn-on voltage is the most direct way of radiation- screening 
CMOS devices. However, the approach adopted in the MJS project was to 
monitor the quiescent supply current, w'hich is related to at low 
currents but does not control V_ . Moreover, there is no correlation in 

Tp 

the behavior of these two parameters, since at 150 krad(Si) is 
primarily a function of radiation induced oxide states, whereas is a 

function of radiation-induced interface states. 


Tp 


The gate turn-on voltage is the parameter directly aff' ced by 

ionizing radiation. The V.p is, however, a transistor paramei._*r, not a 

circuit parameter. The transfer characteristics of any C'fOS circuit allow 

considerable shift in V_ or V_ before the circuit function ceases. The 

Tm Tp 

may even cross O V and be slightly negative before functional failure 
occurs. 



PRERADIAT'ON, - V.„ 

Fig. 8. Threshold voltage of P-channel transistor on 
test pattern TA 6372, 950® C gate oxide anneal 
in forming gas, preradiation 
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188 DEVICES 


lOfiA 


•' t 


DS 



Fig. 9. Threshold voltage of P-channel 

transistor on test pattern TA 6372, 
950® C g:.te oxide anneal in forming 
gas, postradiation 
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Fig. 10. Distribution of AVq 5 at Ijjg after 1.5 x 10^^ rad(Si) 
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2 . Wafer Screening of Igg 

Wafer screening consisted of irradiating five circuit devices or seven 
in the case of the three multiplexers from each wafer that would be used for 
the JPL product. The quiescent supply current Igg was measured with all 
input terminals to ground and with all input terminals connected to 10 V. 
Rejection was based on an Igg measurement after 150 krad(Si). The rejec- 
tion criteria are given in Table 5. These criteria have considerable margin 
to functional failure. 


The rejection rate at 150 krad was less than 10% for some simple 
circuits (gates and flipflops) and greater for complex and large-area circuits 
(counters, shift registers, multiplexers and buffers). More than 2700 wafers 
have now been screened in this manner. 



The test dice were not specially screened for Igg before irradiation. 

As indicated in Fig. 11, 75% of the devices (Group 1) had leakage currents 
below 1 nA, another 20% (Group 2) possessed greater leakage currents, but 
sufficiently low to pass the JPL specifications, whereas the remaining 5% 
(Group 3) would have been rejected in pre-irradiation screening. The post- 
irradiation data for Group 1 (Fig. 12) shows a reasonable Gaussian distri- 
bution, but with the rejection limit set so as to cause a 12% rejection rate. 

The more than 10, 000-folJ increase in Igg appears to be the best that can be 
achieved on this type with the modified annealing process, and is attributed 
to the shift in toward O V. Group 2, with marginal pre-irradiation 
properties produced a post-irradiation yield of only 66% (see Figs. 13 and 14). 

A preliminary study on the variation of Igg over a given wafer after 
irradiation indicates a tight distribution in some wafers, while other wafers 
exhibit a great deal of variability. This is in agreement with the general lot 
variability of the product observed during radiation screening. 

The distribution of has been analyzed for a number of different 
device types and for both forming gas and nitrogen annealing. The results 
for the CD4052 and CD4049 are shown in Figs. 15 through 22. The data 
indicates a number of bimodal distributions caused by lack if process 
control, but that nitrogen annealing offers a substantially better product. 

The data that has been analyzed in this manner is summarized in Table 6. 


.J 


JPL Technical Memorandum 33-763 


251 





Table 5. Rejection criteria for RCA CMOS wafer radiation screening 


Type 

Iss (post- radiation), pA 

'Ll 

'l2 

CD 4001 

> 2.5pA 



4002 

2. 5 



4006 

30 



4011 

2. 5 



4012 

2. 5 



4013 

7. 5 



4014 

50 



4015 

50 



4016 

7. 5 



4017 

50 



4019 

7. 5 



4021 

50 



401.3 

2. 5 



4025 

2. 5 



4027 

7. 5 



4028 

7. 5 



4029 

50 



4030 

5.0 



4031 

100 



403 5 

50 



4040 

50 



4042 

25 



4043 

25 



4047 

50 



4049 

7. 5 



4050 

7. 5 



4051 

50 

100 nA 

>3pA/100 kA 

4052 

50 

100 nA 

100 nA 

405: 

50 

100 nA 

100 nA 


is quiescent supply current measured with all inputs low (Icci) 
inputs high (Igg2^‘ 

is off-leakage current through all transmission gates (switches) in 
parallel. is measured with all switch inputs high (10 V) and the 

switch common to ground through the current meter. is measured 

with the switch common high and all switch inputs to ground through the 
current meter. 
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CURRENT 


Fig, 11. RCA CD4006, preradiation, Iggj 
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CURRENT 

Fig. 18. Postradiation I 55 current of CD4052A 
multiplexers with 950®C gate oxide 
anneal in nitrogen 
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Vdo-^s 



10 30 100 300 I 3 10 30 100 300 I 3 10 30 100 30( 


CURRENT 

Fig. Zl. Preradiation Igg current of CD4049 with 950* C 
gate oxide anneal in nitrogen 


''dd-^s 'O'' 


1 - OUTLIER 1.8 mA 


REJECTION 
LIMIT 7.5mA 


10 30 100 300 I 3 10 30 100 300 I 3 10 30 100 301 


Fig, ZZ. Postradiation Igg current of CD4049 with 
950® C gate oxide anneal in nitrogen 
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Table 6. Analysis of data 


Device rr l- 

^ Function 

type 

Annealing 

gas 

Distribution 

Peak of 
prime 
devices 

Other 

peaks, 

pA 

Rejection 
limit, pA 

CD4006 18-stage 

shift register 

Forming 

gas 

Gaussian 

10 pA 


30 

CD 4019 Quad And-Or 
gate 

Forming 

gas 

Gaussian 

5 nA 


7.5 


Nitrogen 

Gaussian 

20 nA 


7, 5 

CD 4027 Dual flipflop 

Forming 

gas 

Gaussian 

20 r'A 


7. 5 

CD 4029 Up/down 
counter 

F orming 
gas 

Bimodal 

50 nA 

20 

50 


Nitrogen 

Bimodal 

5 nA 
50 nA 

2 

50 

CD 4049 Hex-buffer 

Forming 

gas 

Bimodal 

50 nA 

2 

7, 5 


Nitrogen 

Quasi- 

Guassian 

20 nA 

2 

7. 5 

CD 4052 Multiplexer 

Forming 

gas 

Bimodal 

3 nA 

2 

30 

50 


Nitrogen 

Gaussian 

500 nA 


50 


It is evident that the rejection limits do remove lots with lack of surface 
control. The rejection limits were chosen to screen out wafers with 
catastrophic devices or with Igg higher than acceptable to the project 
systems designers. The yield figures of the wafer screening program are 
summarized in Table 7, 

Increases in Igg are a problem for the user (subsystem designer) only 
when the total for a subsystem exceeds the current available for the power 
supply, or when the subsystem power limitation is exceeded. Therefore, 
it is the average of the increases that is of interest, not tlie ind'vidual 
increases in Igg. All the RCA CMOS that will be supplied are from wafers 
whose test samples had a post-150 krad Igg of less than 100 times the 25°C 
specification limit- SI 11868 or MIL-STD-38510 or equivalent (see Table 5). 
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Table 7. CMOS wafer screening summary 


2793 wafers radiateo {over 200 lots) 
2162 wafers accepted (77.4%) 

Forming gas vs N 2 , anneal 


Wafers 

Wafers 

Accepted, 


accepted 

radiated 

% 

Forming gas 

1049 

1406 

74.6 

Nitrogen^ 

1078 

1296 

83.2 

^Excluding 5 bad lots at beginning of 

anneal 



In many cases the post-rad Igg was much less than 100 times the specifica- 
tion limit. Therefore, the total post- 150 krad Igg for a subsystem should 
not exceed 100 times the sum of the specification limits for each device in 
the subsystem. The above statement should be true even though the wafer 
s reening does not guarantee that every device will have a post- rad Igg less 
than the 100 X limit, because of the averaging effect. It should be pointed 
out that 100 times the suni of the specification limits for each device in the 
subsystem cannot be used to establish the maximum current required from 
the power supply since this is quiescent current. The operating current of 
the subsystem will be higher because it is proportional to the clock or 
operating frequencies of the subsystem. 


3. T -ansmission Gate Leakage 

The multiplexers CD4051, CD4052, and CD4053 were subjected to an 
additional screen. The off leakage current through all transmission gates in 
parallel was required to be less than 100 -<A measured with all switch inputs 
at 10 V and the outputs at ground less than 100 nA for the CD 4052 

and CD4053, and 3 |jlA for the CD4051, with all switch outputs at 10 V and the 
inputs at ground (1^,2^' resulted in a yield of about 50% for these 

device types. 


The design requirements for CD4051 are more lenient than 

in the other multiplexers in this project. The 3 criterion for Ij^^ 
CD4051 was necessary to get any yield from the early production of these 
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devices. In subsequent forming gas lots dropped below IpA typically, 
and when the gate oxide anneal was changed to nitrogen, dropped below 
100 nA tynically. The 3pA screening rejection criterion was reduced to 
100 nA for the nitrogen annealed product. 

Figures 23 and 24 show the distribution of the 1^2 le^i^age current 
before and after irradiatio.i, respectively, for devices annealed in forming 
gas. It may be seen that prime pre-irradiation devices show a bimodal 
distribution after irradiation, resulting in a high yield loss. This problem 
was solved by switching to nitrogen annealing. The pre-irradiation distri- 
bution (Fig. 2 5) was the same as before, but the post-irradiation data 
(Fig. 26) shows a more Gaussian distribution, though with a few outliers 
beyond 1 pA. The Igg data for the same devices, shown in Figs. 15 through 
18, exhibits a very similar behavior. 

The I^ TG of the flight multiplexers is not expected to exceed the 
values in Table 5 for forming gas-annealed product or 40 nA for nitrogen- 
annealed product at 150 krads. Most of the 4051 product will be forming 


(I56| 



cumiNi 

Fig. 23. Pr radiation switch leakage current 1^2 

CiJ 4052A multiplexers with 950® C forming gas 
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Fig. Z6. Postradiation switch leakage current 1^2 
of CD405ZA multiplexers with 950* C gate 
oxide anneal in nitrogen 


gas-annealed. The 405Z produc: will be a combination of forming gas- and 
nitrcgen-annealed devices, and the 4053 product will be entirely 
nitrogen -annealed. 

4. Multiplexer On-Resistance 

The on- resistance of the multiplexers increases less than 5% at 
75 krads and 10% at 150 krads. 


5. Propagation Tima 

\ complete electrical characterization of some of the CMOS devices 
was carried out for Tt-’u, at the Naval Research Laboratory using an EH4600 

4 

series computer-controlled test system at a total dose of 7. 5 X 10 and 
5 

1.5 X 10 rad(Si). The parameters tested and some typical results are 
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shown in Table 8. It may be noted that radiation causes a significant 
increase in the propagation time. It was established that there is no 
correlation between the radiation effects on propagation delay and quiescent 
supply current Igg. 


Table 8 . CMOS radiation characterization data at 150 krad(Si) 


Tests 



(At = 10 V) 

4011 

4029 

403 5 

4050 

1. 

Functional (go/no go) 
V < 5 V = "0” 

Vq > 5 V = ' r- 


All passed 


2. 

DC margin (go/no go) 
V < 1 V = "0” 

Vq >9 V = "1’ 


All pa 

sseil 


3. 

plh 

Average 

26.9^ 

13.8^ 

48.8® 

10. 6*^ 


30 pF load 

Maximum 

30 

37 

55 

18 

3a. 

At (%) 

Average 


26® 




30 pF load 

Maximum 


37 



4. 

At phl 

Average 

6.2® 

28. 2^^ 

32.8® 

35.6^ 


30 pF load 

Maximum 

8.8 

31 

37 

50 

4et, 

PHL 

30 pF load 

Average 

Maximum 


19® 

33 



5. 

AV drop in output trans- 
istors at minimum source/ 
sink current specified in 
RCA manual 

N-CH<0.1 V 
P-CH<0.1 V 

< 0. 1 
< 0. 1 

<0. 1 
-0. 1 

<0. 1 
<0. I 

6. 

Range of maximum quie- 
scent supply current A 

from; 56X 

to: 4700X 

2 50X 
9800X 

23X 

3300X 

2 5X 
3400X 


Propagation time measurement from pin 2 to pin 3 (in to out). 

Propagation time measurement from pin 1 5 to pin 6 (CL. to Qi). 

Propagation time measurement from pin 6 to pin 1 (CL. to Qi). 

“propagation time me<i8urement from pin 3 to pin 2 (in to out). 

0 

Propagation time measurement from pin 15 to pin 7 (CL. to carry out). 
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A more detailed analysis was carried out on additional measurements 
made at the Hughes (Fullerton) Facility (see Table 9). The propagation time 
after irradiation appears to be within the JPL specification limits, but the 
data shows large increases in propagation time. These are primarily 
influenced by outliers whose change may be up to one order of magnitude worse 
than the mean. 


6. Dose Rate and Anne ling Effects 

Srour (Ref. 5) recently reviewed experimental observations on dose- 
rate dependence of the shift in V.j, in MOS devices. The dependence is a 
..iction of the dose rate, the bias conditions during radiation and also the 
nature of the gate oxide. Srour irradiated N- and P-channel transistors on 
a commercial CMOS inverter using a Co^® source at rates of 0.23 and 
23 rad(Si)/s. He observed a marked rate effect. Annealing the devices at 
room temperature for 140 hours (the time it takes to perform an irradiation 
to 1.2 X 10 rads at a rate of 0.23 rad/s) following a higher ionization rate 
irradiation brought the high and low dose-rate results into agreement. 

Yamakawa (Ref. 6) measured rate effects in Igg of CMOS devices with 

a 950°C gate-oxide anneal temperature at 113 and 7.6 rad/s at a total dose of 
5 

1.5X10 rad(Si). The bias conditions were as described in the wafer screen. 
The two dose rates represent the screening conditions and the Jovian radia- 
tion environment respectively . There was a strong annealing effect after 
radiation, Lut no rate effect could be detected. Additional experiments on the 
propagation time showed no annealing for several days, in agreement with 
the hypothesis that the propagation time is governed by interface states. 


7. Conclusions 

The radiation resistance of CMOS devices with a gate oxide annealing 
temperature of 950'’C appears to be adequate for the MJS project, because 
the devices will be exposed to a total dose of less than 1.2 5 X 10 krad and 
because no severe crns'^raints have been imposed on the quiescent supply 
current . 

Preliminary data indicate that the substitution of forming gas by 
nitrogen in the gate oxide annealing step has a ve.*y beneficial effect on 
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reducing the post -radiation quiescent supply current and transmission gate 
leakage currents of the multiplexers and on producing a more homogeneous 
product. 

The wafer screening of Igg is expensive but necessary in view of the 
lack of safety margin shown in the distribution, the presence of outliers and 
bimodal distributions. For future programs, radiation screening of N- 
channel and P-channel test transistors associated with each wafer should be 
considered, since the absolute values of post-irradiation and ^<pp 
more fundamental parameters directly related to oxide and interface states. 
At present V.pp is not screened, and this produces a barely tolerable 
variation in the propagation time. In future programs other process controls 
involving capacitor measurements should be considered in direct collabora- 
tion with the manufacturers. Such controls have been described in a paper 
by Gregory (Ref, 4). 

Finally, any futu e programs with a radiation environment in excess 

of that encountered by MJS o~ with more stringent design requirements must 

use the radiation hard dry gate oxide process developed at RCA, Somerville, 

■with DNA support, or equivalent, since the 950°C annealed process cannot 

5 

survive a total dose much greater than 1. 5 X 10 rad(Si). 
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APPENDIX A 

VENDOR IDENTIFICATION CODE 


JPL 

Iphabetical 

code 

FSCM 
numbe r 

Vendor 

ADI 

24355 

Analog Devices, Inc., Norwood, Mass 

ANA 

31855 

Analog Technology Corporation 

CAD 

19647 

Caddock Electronics, Div of Globe 
Union, Inc. 

CRC 

12517 

Component Research Company. 
Inc. 

CTI 


Circuit Technology, Inc. 

DAL 

91637 

Dale Electronics, Inc., Subs, of the 
Lionel Corporation 

DIK 

12954 

Dickson Electronics Corporation 

EXR 

52063 

Exar Integrated Systems, Inc. 

FAS 

07263 

Fairchild Semiconductors, Div of 
Fairchild Camera and Instrument 
Corp. 

GEC 

09214 

General Electric Company, Semi- 
conductor Products Dept. 

HAR 

91417 

Harris Semiconductor (Radiation, Inc.) 

HON 

91929 

Honeywell, Inc., Microswitch Division 

HPA 

28480 

Hewlett-Packard Company 

INL 

32293 

Intersil Inc. , Cupertino, Cal. 

KMC 

20754 

KMC Semiconductor 

MOT 

14713 

Motorola Semiconductor Products, Inc. 

NSC 

27014 

National Semiconductor Corporation 

PMI 

06665 

Precision Monolithics, Inc. , 


Santa Clara, California 
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JPL 

alphabetical 

code 

FSCM 
numbe r 

RAY 

49956 

RCA 

02735 

SET 

14099 

SGN 

18324 

SIL 

17856 

SOD 

13327 

TIX 

01295 

TRW 

01281 

UTR 

12969 

WEC 

05277 


Vendor 


Raytheon Conripany 

RCA Corp., Solid State Division 
Somerville, N, J. 


Semtech Corporation 

Signetics Corp., Subs, of Corning Glass 
Works 

Siliconix, Inc. 

Solitron Devices, Inc. 

Texas Instruments, Inc., Semi- 
conductor Components Div. 

TRW Semiconductor, Inc., (PSI) 

Unitrode Corp. 

Westinghouso Electric Corp., 
Semiconductor Division 
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APPENDIX B 

RECOMMENDED WORST- CASE ELECTRONIC 
DEVICE PARAMETER VARIATIONS 

The purpose of this appendix is to provide recommendations to aid the 
circvdt designer in the worst-case analysis of circuits. The worst case 
parameter variations contained in Tables B-1 through B-6 for transistors, 
resistors, fixed capacitors, diodes, TTL (transistor-transistor logic) and 
linear integrated circuits, and CMOS integrated circuits are recommendations 
only and not hard requirements. 

These tables do not include radiation- induced degradation. Radiation 
degradation should be added to the variations in these tables on an individual 
part basis where part data is available. Estimates should be made otherwise. 
Section 153 should be contacted when the worst-case analysis is to be 
pe rformed. 




« 


Table B-1. Worst-case parameter variations for transistors 

As an aid to the circuit designer's worst-case analyses, the maximum 
expected parameter variations for system life and temperature are given. 

It is noted that all parameter changes are based on the specific value given in 
the application of JPL ST or manufacturer specifications, except for hp^. 

For this parameter the variation is from the design value as established by 
appropriate design curves at 25“C and the design value of For the cases 
of saturated switches, the parameter changes of hpp will be established from 
the minimum value specified in the manufacturer specifications, or ST. The 
data below appL'es to all transistors listed in ^he approved parts list. 


Parameter 

Variations 

Conditions 

Remarks 

*^FE 

0.9%/'‘C 

-25% 

For temperature 
For life 

Change from design 
value mfr. spec. 

®^CBO 

-10% 

For life and 
temperature 

Change 
in mfr. 

from min. value 
spec. 

®^EBO 

-10% 

For life and 
tempe rature 

Change 
in mfr. 

from min, value 
spec. 

®^CEO 

-30% 

For life eind 
temperature 

Change 
in mfr. 

from min. value 
spec. 

^CE(SAT) 

+15% 

+0.2mV/°C 

For life 

For temperature 

Change 
in mfr. 

from max, value 
spec. 

^BE(SAT) 

+15% 

For life and 
temperature 

Change 
in mfr. 

from max. value 
spec. 

^CBO 

doubles every 
10®C increase 

For temperature 

Change 
in mfr. 

from max. value 
spec, at 25°C 


+100% 

For life 



^EBO 

doubles every 
10% 

For temperature 

Change 
in mfr. 

from max. value 
spec, at 25°C 


+100% 

For life 

* 

Added to temperature 
effects 
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Table B-1 (contd) 


Parameter 

Variations 

Conditions 

Remarks 

^CES 

30X 

For life and 
temperature 

Change from meix, value 
in mfr. spec. 

t 

r 

+10% 

For ^fe and 
temperature 

Change from max. value 
in mfr. spec. 

*d 

+10% 

For life and 
temperature 

Change from max. value 
in mfr. spec. 

t 

s 

+10% 

For life and 
temperature 

Change from max. value 
in mfr. spec. 


+10% 

For life and 
temperature 

Change from meix. value 
in mfr. spec. 

^obo 

±5% 

For life and 
temperature 

Change from max. value 
in mfr. spec. 

^ibo 

+5% 

For life and 
temperature 

Change from max. value 
in mfr. spec. 


-25% 

For life and 
temperature 

Change from min. value 
in mfr. spec. 




. J 


Table B-2, Worst-case parameter variations for resistors 


Part description: 
Generalf class, type 

Manufacturer 

Manuf ac tu r e r ' s 
type number 

Tolerance, % 

Purchase 

Design^* ^ 

Carbon comp. 

ABC 

RCR05 

±5 

±25 

Carbon comp. 

ABC 

RCR07 

±5 

±25 

Carbon comp. 

ABC 

RCR20 

±5 

±25 

Precision WW 

SHA 

HR series 

• 

o 

-H 

±0.5 

Metal film 

MEP 

RNC55H 

±1 

±2. 5 


ANG 




Metal film 

MEP 

RNC60H 

±1 

±2. 5 


ANG 




Power wirewound 

DAL 

RWR series 

±1 

±2. 5 

Metal glaze 

CAD 

MG, MH series 

±1 

±10 

Metal glaze 

CAD 

MM series 

±1 

±10 

Metal film fixtrim 

ANG 

IV-5 

-- 

±1 . 5 

HI RES (10^^ ohms) 

PYR 

HR600 

±5 

±10 

Ultra high res. 

WEL 

M51 

±1 

±5 

Ultra high res. 

WEL 

MH51 

±10 

±15 

Design tolerance includes purcha 

se, temperature. 

and end- of- 

life 


tolerances except where noted. 

^Design tolerance does not include temperature and voltage coefficient 
effects for which the JPL ST or mfg, spec, should be consulted. 
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Table B-3. Worst-case parameter variations for fixed capacitors 


Part description: 

Manufacturer 

Manufacturer's 

Tolereince, % 

General, jlass, type 

type number 

Purchase 

Design^ 

Solid teintalum 

SPR 

CSR13 - KS 

±10 

±20 

Ceramic 

AUX 

CKR05BX - KS 

±10 

±25 

Ceramic 

AUX 

CKR06BX - KJ 

±10 

±25 

Ceramic 

AUX 

CKRllBX - KR 

±10 

±25 

Ceramic 

AUX 

CKR12BX - KR 

±10 

±25 

Ceramic 

AUX 

CKR14BR - KR 

±10 

±30 

Ceramic 

AUX 

CKR15BR - KR 

±10 

±30 

Ceramic, 
temp, comp. 

AUX 

MLIO MC70 
MLll MC90 

±5 

±12 

Ceramic, HV disc. 

ERIE 

800 series 

±10 

±17 

Glass 

CGW 

CYFR series 

±1 

±2, 1 

Ceramic, CYL, AX, 

AUX 

HRMC 706A, 
206A, 866A, 
906A 

TBD 

TBD 

Porcelain 

VIT 

VY series 

TBD 

TBD 

Poly sulf one 

CRC 

MP series 

TBD 

TBD 

MICA 

ELM 

HRDM 

TBD 

TBD 

3 > 

Design tolerance includes purchas 
tolerances except where noted. 

e, temperature. 

and end-of- 

life 
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Table B>4, Worst-case parameter variations for diodes, Zener diodes 

As an aid to the circuit designer's worst-case analyses, the msudmum 
expected parameter variations for system life and temperature are given. 

It is noted that all parameter changes are based on the specific vsilue given 
in the applicable manufacturer's specification or JPL ST, 


Diodes 

Parameter 

Variation 

Conditions 

Remarks 


Vp 

±10% 

Por life 

Change from value in mfr. 

spec. 


+150 mV 

Por temperature 



C 

+25% 

Por life and 
temperature 

Change from value in mfr. 

spec. 

t 

r 

+10% 

Por life and 
te mperature 

Cheinge from value in mfr. 

spec. 


lOX 

For life 

Change from value in mfr. 

spec. 


(a) 

Por temperature 

Change from value in mfr. 

spec. 


-40% 

Por life and 
temperature 

Change from value in mfr. 

spec. 

Zener diodes 

V 

'^ZT 

±5% 

Por life and 
te mperature 

Added to tolerance in mfr. 

spec. 

^ZT 

+10% 

For life and 
temperature 

Change from value in mfr„ 

spec. 


+10% 

For life and 
temperature 

Change f.->m value in mfr. 

spec. 


30X 

For temperature 

Cheinge from value in mfr. 

spec. 


lOX 

For life 



Vp 

+10% 

For life and 
temperature 

Change from value in mfr. 

spec. 

a 

Doubles for every 10 

®C increase in temperature. 
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Table B»4 (contd) 



Voltage reference diode 




Parameter Variation 

Conditions 

Remark . 




^ZT 

±2X 

For lire and 
temperature 

Chanee to tolerance in mfr. spec. 


30X 

For temperature 

Change from value in mfr. spec. 


lOX 

For life 


^ZT 

+10% 

For life and 
temperature 

ChcUige from value in mfr. spec. 

Temp, 

Coef, 

+10% 

For life 

Added to temperature coefticidnt 
for temperature variations 


Note: Consult with part specialists on life stability factors. 


t 

i 





JPL Technical Memorandum 33-763 


317 


T 





■ ^ , - 


«rw* 


Table B-5. Wor#i>case parameter va||lationB 
for integrated circuits 


As effi aid to ttie circvdt designer's worst-case analyses, the maximum 
expedited parameter variations for system U. e and temperature are g|ven. 
All paramdier changes listed are based on the specific value given in the 
applicable JPL ST. Th*data below apply to all IC's listed in the approved 
parts list. 


Digital IC's (TTL and low power TCL) 


Parameter 

Varif^ons, % 


Conditions 

^OUT(O) 

±15 

Life 

and 

temperature 

^OUT(l) 

±15 

Life 

and 

temperature 

^IN(H 

±75 

Life 

and 

temperature 

IN(0) 

±20 

Life 

and 

temperature 

^OUT(^ 

4:20 

Life 

and 

temperature 

^OS 

±25 

Life 

and 

temperature 

T 

PDH 

±50 

Life 

and 

temperature 

T 

PDL 

±50 

Life 

and 

ten ' 

I 

cc 

±2 5 

Life 

and 

te mperature 

Clock pulse width 

±50 

Life 

and 

temperature 

Linear IC's 

“^VOL 

±40 

Life 

and 

temperature 

^OS 

±20 

Life 

and 

temperature 


±30 

Life 

and 

temperature 

i ^0 

-10 

Life 

and 

temperature 

1 '^BIAS 

+10 

Life 

and 

temperature 


+40 

Life 

and 

temperature 

1 'OS 

+10 

Life 

and 

tefaperature 

1 I 

I cc 

+20 

Life 

and 

temperature 

i ^EE 

+20 

Life 

and 

temperature 
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Table B-6. Worst-case parameter variations 
for CMOS integrated circuits 

As an aid to the circuit designer's worst-case analyses, the maximum 
expected parameter variations for system life and temperature are given. 
All parameter changes listed are based on the specific value given in tho 
applicable specification control drawing. The data below apply to all CMOS 
listed in the approved parts lists. 


Parameter 

Variations, % 
(life) 

Variations, %/‘’C 
(te mperature) 

Remarks 

^OUT(O) 

+5 

+0. 1 

No DC load 

^OUT(l) 

-1 

-0.01 

No DC load 

^OUT(l), (0) 

±10 

-0.5 


^SS 

±50 

+10 

Quiescent current 

Vin ) 

10 

0.4 


•^PHL ) 





K 
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APPENDIX C 



PARAMETER VALUES OF IC TYPES REQUIRING RADL^TION 
ACCEPTANCE PRIOR TO FLIGHT USE 

The various approaches being used to establish radiation acceptability 
of certain IC types prior to flight use are the following: 

(1) Use a modified or standard manufacturing process combined 
with a sample radiation test of each lot built. 

(2) Irradiate /anneal (IRAN) all of the devices to be used. 

(3) IRAN a sample from each lot. In this case, the devices sub- 
jected to IRAN as well as the lot baleince are considered suitable 
for flight. 

The starting v'tlues of the device parameters and the parameter changes 
due to the Jovian environment are related to the radiation acceptance approach 
employed. For the sake of completeness, IC's that were not radiation- screened 
but were used by the subsystems, are included. 

All IC types (except CMOS) currently being subjected to one of the 
above approrches to establish radiation acceptability prior to flight use are 
listed in Table C-1 together with the specific parameters being controlled. 

Room temperatu’*'^ parameter values are given for the following cases. 

Starting worst case values of parameters when the 
devices are supplied to JPL. 

Worst case parameter values after devices have been 
subjected to IRAN, Hence, for devices subjected to 
IRAN, these would be the parameter values at the time 
of initial installation into flight hardware. 

Anticipated worst case parameter values after devices 
have been through the Jovian environment, Vailues are 
given for assumed doses of 12.5, 30, 60 and 125 krads. 

Note that for some device types the parameter values may exceed the manu- 
facturer's normally specified limit when the devices are initially installed. 
Subsystems requiring better parameter values than those in the table must 


Initial: 

Post-IRAN: 

Post- JupiU 


I 


i 



i 

1 

I 




s 




/ 


in 
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be affected by radiation, but have not been identified via the GE circuit anal- 
yses as being critical to the applications and are not subject to control. 
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Table C-1. Worst-case parameter values of MJS'77 flight part integrated circuits 
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Catastrophic reduction in output voltage swing in negative direction. 
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Null voltage 


Manu- Parameter Initial Post- Post-Jupiter values 

facturer controlled value IRAN ^ ^ 

12. 5 krad 30 krad 60 krad 125 krad 
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Post-Jupiter values 
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